Introduction
Gastroesophageal reflux disease (GERD) is defined as the presence of symptoms or lesions that can be attributed to the reflux of gastric contents into the esophagus. It represents one of the most common disorders in western countries affecting up to 35% of the adult population [1] . Heartburn and acid regurgitation are the typical clinical symptoms in GERD patients and reflux esophagitis represents the most common morphological correlate [2] . GERD has been shown to have a significant impact on health-care utilization and patient's quality of life [3, 4] . The introduction of proton pump inhibitors (PPIs) has entirely revolutionized the medical management of GERD [5] [6] [7] . PPIs are well tolerated and superior to any other established medical treatment strategy including H 2 -receptor antagonists in achieving both symptom control and mucosal healing rates [8] . In fact, complete healing of erosive lesions and symptoms control have been reported in up to 90% of the patients [9] . However, despite the general efficacy of PPI treatment in reflux patients there is now cumulating evidence indicating a subgroup of patients with incomplete therapy responses and persistent reflux symptoms, even under a high-dose regimen. Currently, between 10 and 40% of GERD patients might remain symptomatic despite adequate PPI therapy [10] [11] [12] , and this treatment failure can only partially be attributed to insufficient enzymatic metabolism of the drug. This subgroup of patients represents an unresolved clinical challenge since no standardized and validated therapy alternatives are currently available.
In particular, the impact of DGER in symptomatic GERD patients under PPI therapy remains a matter of debate. DGER is defined as reflux of duodenal contents into the stomach and esophagus containing duodenal secretes, pancreatic enzymes and bile acid. Currently, there is neither a validated nor an approved therapeutic regimen for the treatment of DGER, and the precise underlying mechanisms of action of PPIs in reducing DGER are still not established. It has been suggested that the effects of PPIs on DGER are only indirect, mediated by the ability of PPIs to decrease not only gastric acidity but also the volume of gastric juice [13] . Interestingly, a good correlation between total bilirubin content and the concentrations of pancreatic enzymes in the refluxate has been reported, suggesting that bilirubin is a good marker for DGER. To this end, a fiberoptic spectrophotometric diagnostic device (Bilitec 2000) has been developed to quantify bile reflux in an ambulatory setting similar to the 24-hour pH measurement [14] . The available studies investigating DGER in PPI nonresponders yielded conflicting results. For instance, Tack et al. [15] identified DGER as an important underlying course in patients that poorly responded to PPIs either on a single or double dose. Using the GABA(B) agonist Baclofen, the same group reported a reduction of DGER and reflux-related symptoms, further underscoring a causative impact of DGER on clinical symptoms refractory to PPI treatment [16] . By contrast, a recent comparison of clinical nonresponders and responders on a single-dose PPI therapy revealed no differences with respect to the amount of DGER [17] . Notably, all available studies are limited by the fact that reflux measurements prior to the initiation of PPI treatment were not performed. This raises the question whether high-dose PPI treatment is capable of reducing DGER significantly in patients without entire symptom control under therapy. Therefore, the aim of this study was to compare the degree of DGER and esophageal acid exposure in GERD patients who continued to be symptomatic (PPI nonresponders) with those who were successfully treated with PPI twice daily (PPI responders) to glean insights into the pathophysiology mediating PPI failure. To address this question for the first time, we performed pH and Bilitec measurement as well as upper endoscopy before and under therapy with high-dose PPIs.
Materials and Methods
Patients and Study Protocol 85 patients were recruited to the study. All patients were referred to the outpatients department of the University of Marburg due to suspected reflux disease. All patients had a history of PPI treatment on single or double dose for at least 4 weeks within the last 12 months without entire symptom control. The pattern of clinical symptoms was evaluated with a questionnaire, specifically designed in our group. The specification of the symptoms heartburn, regurgitation, chest pain, dysphagia, nocturnal coughing, hoarseness and vomiting were graded into 1: not existing, 2: mild, 3: moderate, and 4: strong [18] . Only patients with the typical clinical signs of reflux disease such as heartburn and regurgitation with a frequency of at least 3 episodes of symptoms per week were enrolled in the study. Patients meeting inclusion criteria were asked to provide a written informed consent before enrolment. Exclusion criteria were previous surgery of the upper GI tract, the history of Barrett's esophagus, intake of GI motility affecting medication or history of Helicobacter pylori infection. Furthermore, patients unable to complete the protocol or with a positive H. pylori test were excluded from the study.
All patients included underwent combined 24-hour pH measurement and Bilitec 2000 procedure, esophageal manometry to exclude oesophageal motility disorders, upper GI endoscopy and H. pylori testing. If existing, an acid suppression therapy was withdrawn at least 7 days prior TO diagnostic evaluation. Only patients with an elevated reflux in pH and/or Bilitec measurement were further studied. Pantoprazole 40 mg twice daily (orally) was applied for 8 weeks. Under therapy, clinical symptoms were reevaluated and the 24-hour pH and Bilitec 2000 measurement as well as upper endoscopy were repeated. Under treatment patients were grouped in PPI non-responders when having at least 3 episodes of symptoms like heartburn or regurgitation under pantoprazole 80 mg per day. The diagram of the study design is displayed in figure 1 . The study protocol was approved by the local ethics committee.
Upper GI Endoscopy
All patients were subjected to upper GI endoscopy. In addition, the presence of esophagitis was determined and graded according to the classification of Savary and Miller. The presence of hiatal hernia was measured endoscopically and classified into large ( 1 3 cm) and small ( ! 3 cm). The distal portion of the esophagus was carefully evaluated to determine the presence of Barrett's esophagus. In patients with suspected Barrett's epithelium, four quadrant biopsy specimens were taken for histological examination. H. pylori infection was determined by biopsy urease test in all cases.
pH Monitoring and Measurement of DGER by Bilitec 2000
Ambulatory esophageal pH monitoring was performed using an antimony pH electrode with a separate skin reference electrode (Medtronic, Germany). Data were stored on a portable digital recorder (Digitrapper Mk III). Prior to analysis, the pH probe was calibrated in buffer solutions of pH 7 and 1. The catheter was introduced nasally and positioned 5 cm above the lower esophageal sphincter. An episode of acid reflux was defined as a decrease in esophageal pH value below 4 for at least 10 s. A pathological pH measurement was defined for a time with pH values below 4 for longer than 4% of the total 24-hour period [15, 19] .
The fiber-optic spectrophotometer Bilitec 2000 was used to quantify DGER. The system consists of a miniaturized probe of 1.5 mm in diameter that beams light signals into the esophagus and back via a plastic fiberoptic bundle. Prior to analysis, the probe was calibrated in water. The catheter was introduced nasally and positioned 5 cm above the lower esophageal sphincter. A symptom episode of DGER was defined as an increase in esophageal bilirubin OD to 0.14 for at least 10 s. Pathological values were defined for a time with an OD above 0.14 for longer than 4.6% of the total 24-hour period. A specialized diet was prescribed to exclude an interference with DGER measurement [15, 19] .
Esophageal Manometry
Each patient underwent standard esophageal manometry using an 8-channel solid-state catheter (Medtronic Inc., Germany). The catheter was introduced nasally. Patients were studied in the supine position after an overnight fast. Swallows were detected by direct visualization. The sensors, spaced 5 cm apart, were used to record resting lower esophageal sphincter pressure and distal esophageal wave contraction amplitude. Resting intragastric pressure was used as a zero reference for all data acquired. Resting lower esophageal sphincter pressure (LESP) was measured at end expiration. Recording sites for evaluation of esophageal peristalsis were located 3, 8, 13 and 18 cm above the upper point of the lower esophageal sphincter. Esophageal peristalsis was assessed with 10 wet swallows of 5 ml of water at room temperature.
Symptom Association
Patients were instructed to document the presence of the GERD-related symptoms heartburn and acid regurgitation by using an event marker and recording in a diary. Association of documented symptoms with acidic reflux or DGER was estimated if symptoms occurred within a 5-min interval of a reflux event (prior to or following a reflux event).
Statistics
Data are reported as mean 8 SD or median. Exposure time of the distal esophagus to bilirubin was compared using the MannWhitney U test. p ! 0.05 was considered significant.
Results

Clinical Observation
Overall, 85 patients with typical reflux symptoms such as heartburn and/or acid regurgitation and a history of ineffective PPI treatment were screened. Twenty-three patients were excluded from the study due to early withdrawal (n = 10), a positive H. pylori test (n = 7) or presence of Barrett's esophagus (n = 6). Additional 15 patients were GERD patients with symptoms (heartburn, regurgitation) ≥3 per week excluded owing to normal pH and Bilitec measurements. Forty-seven patients completed the study and were treated with 40 mg pantoprazole twice daily according to clinical responsiveness under therapy. Patients were divided into PPI responder ( ^ 2 episodes per week) and PPI nonresponder ( 6 3 episodes per week). For further analysis, PPI responder (n = 30) and nonresponder (n = 17) were analyzed separately. The results of the study are displayed in figure 2 . The demographic and clinical data of patients are presented in table 1 . All patients (n = 47) had a history of previous PPI treatment. The majority of patients were male in both groups. There were no significant differences with respect to duration of symptoms, BMI, history of cholecystectomy and alcohol and cigarette consumption. Age was the only statistically significant parameter between PPI responders and nonresponders. The PPI success group was significantly older than the PPI failure group (52 8 12 vs. 43 8 11 years, p ! 0.05), respectively.
Inclusion criteria
Questionnaire Combined pH and Bilitec monitoring Upper endoscopy Esophageal manometry Pantoprazole 40 mg twice daily for 8 weeks Combined pH and Bilitec monitoring Upper endoscopy Questionnaire GERD symptoms ≥3 per week GERD symptoms ≤2 per week PPI success PPI failure
DGER and Acidic Reflux
No significant differences between the PPI failure and success groups concerning the degree of acidic (11. figure 4 . Consequently, the reduced clinical benefit of treatment with pantoprazole was accompanied by a limited reduction of DGER under therapy compared to the level before therapy.
Endoscopic Findings
All patients underwent upper endoscopy before and under treatment with pantoprazole. If existing, reflux esophagitis was classified according to the classification of Savary and Miller.
Before treatment, 10 (33%) responders had negative endoscopy and 20 (67%) showed signs of erosive esophagitis (grade 1: 11, grade 2: 8, grade 3: 1). Seven (41%) nonresponders had negative endoscopy and 10 (59%) erosive esophagitis (grade 1: 4, grade 2: 4, grade 3: 2). No significant differences between both groups could be detected in the statistical analysis. The majority of patients in both groups had normal endoscopy under therapy (PPI failure: 15/17 (88%); PPI success: 27/30 (90%)). Erosive esophagitis could be detected in 2 of 17 (12%) patients with PPI failure and in 3 of 30 (10%) responders under therapy, respectively. According to the classification by Savary and Miller, only grade 1 esophagitis was detected in both groups. In the statistical analysis, no differences were found between both groups ( fig. 5 ). The presence of hiatal hernia was quantified endoscopically. In the PPI nonresponder group 13 of 17 (76.5%) patients had hiatal hernia (6 large, 7 small), whereas 20 of 30 (67%) PPI responders had signs of hiatal hernia (7 large, 13 small).
Manometry Findings
Esophageal manometry was performed to localize the lower esophageal sphincter and rule out severe motility disorders. Regarding the pressure of the lower esophageal sphincter, no significant differences between the PPI failure and success groups were noted (10.8 8 5 vs. 11.8 8 4 mm Hg). Patients in the PPI failure group appeared to have lower contraction amplitude in the distal esophagus (53.9 8 25.4 vs. 64 8 32.8 mm Hg), but these differences did not reach significance in the statistical analysis.
Symptom Analysis
Under treatment, 42 episodes of either heartburn or acid regurgitation were recorded during the measurement of pH and Bilitec in the PPI failure group. In the PPI success group no symptomatic episodes were recorded under therapy. A temporal correlation with reflux events was performed, showing that only 12 (28%) episodes occurred independent from reflux events, whereas 26 events (62%) were associated with either isolated DGER (n = 14, 33%) or with combined reflux events (DGER and acidic reflux) (n = 12, 29%). Only 4 (10%) symptomatic events were related to isolated acidic reflux events.
Discussion
Clinical trials have shown significant higher levels of DGER in patients with a Barrett's mucosa compared to uncomplicated GERD [20] . However, the available data on the clinical response of GERD patients regarding DGER are ambiguous and seem to depend on different inclusion criteria and treatment schedules (e.g. singledose vs. high-dose pantoprazole) [15, 21] . A previous study from our group has shown that only in about 50% of patients with combined pathological reflux (bile and acid) DGER could be normalized by high-dose pantoprazole [19] . Here, we compare the degree of DGER and esophageal acid exposure in a cohort of GERD patients who had a history of incomplete symptom control with PPIs during the past year.
Under treatment with high-dose pantoprazole for 8 weeks, the majority (88%) of PPI nonresponders revealed pathological levels of DGER compared to only 27% of clinical responders. This result is further supported by a significantly higher degree of DGER in the PPI failure group compared to the PPI success group. However, in line with Gasiorowska et al. [17] , we also detected elevated levels of DGER in a subgroup of PPI responders. This raises the question whether DGER is merely an epiphenomenon of PPI treatment rather than a causative mechanism of PPI nonresponse. To answer this crucial question, we measured acidic and biliary reflux prior to PPI therapy. Interestingly, no statistically significant difference could be found between PPI responders and nonresponders regarding acidic and biliary reflux before treatment. This finding clearly rules out a general effect of PPI therapy on DGER. Interestingly, high-dose PPI treatment significantly reduced acidic reflux in both groups and biliary reflux only in the PPI responders. Thus, the presented study firstly describes the association of PPI nonresponse with the inability of acid suppression therapy to reduce DGER. The precise mechanisms mediating persistent DGER under PPI treatment are an unsolved issue up to date. As we ruled out esophageal motility disorders, disturbance of gastroduodenal motility could lead to increased reflux of bile and other components of duodenal juice into the esophagus. Further analyses aiming on measurement of antroduodenal motility are required to answer this important issue. Strikingly, the endoscopy results of our study showed that 12% in the PPI failure group and 10% in the PPI success group had reflux esophagitis under therapy. Significant differences between both groups could not be detected before and after therapy. Therefore, we denote a significant impact on the healing rate of reflux esophagitis independently of (1) a persistent biliary reflux and (2) symptom relief under therapy. Traditionally, mucosal inflammation has been regarded as a hallmark feature in the development of Barrett's esophagus. On a cellular level, destruction of the mucosal barrier and increasing permeability of the cell membrane for hydrogen ions occur after exposure to bile salts, and molecular analysis has revealed that bile acids induce overexpression of mitogen factors like cox-2 and c-myc in the esophageal mucosa [22] [23] [24] .
The fact that patients with Barrett's esophagus show higher levels of DGER [20] , taken with our observation that endoscopic lesions do not occur more frequently in the PPI nonresponder group with significantly higher levels of DGER, casts doubt on this progression model and may suggest alternative routes to Barrett's esophagus depending on the predominant type of reflux. The concept of esophageal mucosa dilated intercellular spaces (DIS) has been recently introduced and may play a role in impairing mucosal integrity following exposure to acid and weakly acidic solutions even without endoscopically visible signs of inflammation [25] .
Our study has several shortcomings that should be discussed. First, the number of patients included was relatively small as we only enrolled patients with a history of ineffective PPI therapy in the past year. Therefore, our study only investigates about 10-40% of the most problematic and clinically challenging GERD patients. Consequently, the frequency of PPI nonresponders with elevated DGER has to be considered much lower in a general population of GERD patients. Furthermore, the impact of acidic reflux in generating GERD-related symptoms could not be clearly identified in this study. Although acidic reflux was not significantly different in responders and nonresponders, there was still a tendency towards increased acidic reflux in the nonresponder cohort. Furthermore, a potential limitation of our study is the fact that we applied the Bilitec device to investigate DGER. The combined multichannel intraluminal impedance and pH measurement (MII-pH) represents a novel technology to detect and quantify nonacid or weakly acidic reflux events [26, 27] . The direction and proximal extent of refluxed liquid or gas can be measured regardless of its hydrogen ion content, and the diagnostic impact is superior to the conventional pH measurement [28] . In studies using MII-pH, a clear shift towards more weakly or nonacidic reflux was noted in GERD patients who failed to respond to PPI twice daily [29, 30] . Nevertheless, it could be demonstrated that nonacid reflux and DGER detected by the Bilitec device are two separate phenomena [31] , and therefore, MII-pH measurement cannot replace Bilitec 2000.
To conclude, our study shows that the degree of DGER is significantly higher in GERD patients refractory to high-dose PPI treatment compared to those with symptom relief under therapy. Furthermore, PPI nonresponse is associated with the inability of acid suppression therapy to reduce DGER significantly. Thus, persistent DGER may play a key role in mediating reflux symptoms refractory to high-dose PPIs.
